. These 1 4 6
reporter lines enable single cell distribution analysis while also delineating lineage 1 4 7 specification. Due to persistence of GFP protein, these lines do not necessarily 1 4 8
represent active expression of their reporter driven promoter but do mark the lineage of 1 4 9
POM/NCCs that have, at some point, experienced expression of that POM-associated 1 5 0 gene. Transgenic embryos were fixed at key AS developmental stages (24, 26, 38, 30 , 1 5 1 48, 56, 72hpf) and immunohistochemistry (IHC) was used to detect GFP. 3D confocal 1 5 2 images of the AS were collected for each transgenic line at each timepoint (Fig. 1A) . 3D 1 5 3
image rendering was employed to subsequently quantify distribution of the cells within 1 5 4
the AS (Fig. 1B, Fig. S2 ). 1 5 5
Our assay revealed that initial colonization of the AS begins at approximately 1 5 6
22hpf (data not shown) with GFP+ cells of the pitx2-derived population occupying the 1 5 7
temporal AS regions ( Fig. 1A) . At 24hpf foxc1b, foxD3, and lmx1b.1 derived GFP+ cells 1 5 8
have begun to enter the AS across the dorsal most periocular regions, while sox10-1 5 9 derived cells begin to occupy all four regions. By 28hpf all of the reporter lines, with the 1 6 0 exception of pitx2, exhibit GFP+ cells primarily in the dorsal half of the AS. Foxc1b, 1 6 1 foxd3 and sox10 derived cells continue to spread to the ventral regions with roughly 1 6 2 equal distribution throughout the AS by 48hpf. Conversely, pitx2-derived cells remain 1 6 3 exclusively associated with the temporal half of the AS while lmx1b.1-derived cells 1 6 4
gradually re-distribute to occupy the nasal half of the AS. Starting at 54hpf and 1 6 5
continuing to 72hpf, Tg[pitx2:GFP] expression dissipates from POM cells and initiates in 1 6 6
what is likely photoreceptor progenitor cells. Our observations are validated by 1 6 7 quantification of each GFP+ population ( Fig. 1B) . At 24hpf the majority of POM cells are 1 6 8 located within the dorsal half of the AS, with the exception of pitx2-derived cells. By 1 6 9
30hpf we note a significant reduction in the proportion of foxc1b, foxD3 and lmx1b.1-1 7 0 derived cells in the dorsal half combined with significant increase of these cells in the 1 7 1 ventral half. At 48hpf, we noted equal distribution of foxc1b, foxd3 and sox10 derived 1 7 2 cells within all regions of the AS, while lmx1b.1-derived cells become predominantly 1 7 3 associated with the nasal half of the AS. 1 7 4
A distinct fluctuation in the total number of GFP+ cells within each transgenic line 1 7 5 examined throughout the time course was also noted. While lmx1b.1, pitx2, and sox10-1 7 6
derived populations maintained a relatively consistent total cell count, foxC1b and 1 7 7
foxD3-derived populations grew over time (Fig. 1C ). This is particularly evident in the 1 7 8
foxC1b-population which grew so significantly by 72hpf that it was no longer quantifiable 1 7 9 by our assay. 1 8 0
When combining all of our POM AS distribution data, we propose a progressive 1 8 1 colonization model ( Fig. 1D ). In our model, the majority of POM cells colonize the AS in 1 8 2 a dorsal-ventral pattern, while pitx2-derived cells uniquely colonize in a temporal-nasal 1 8 3 pattern. By 48hpf AS associated POM are equally distributed throughout the four 1 8 4 quadrants, except for lmx1b.1-and pitx2-derived cells. These POM cells remain 1 8 5
uniquely associated with nasal and temporal regions, respectively. Lastly, based on this 1 8 6 model we propose that AS-associated POM, which we term anterior segment 1 8 7 mesenchyme (ASM) is not a homogenous population and comprises several distinct 1 8 8
subpopulations. 1 8 9 1 9 0 ASM subpopulations exhibit unique migration behavior. 1 9 1
The ability to migrate long distances and respond to specific cues is a crucial and 1 9 2 well documented behavior of NCC. Cranial NCCs migrate without designated leader or 1 9 3 follower identities, instead maintaining a large homogenous population wherein each 1 9 4 member exhibits the same migratory capabilities as its neighbors (35) (36) (37) . We aimed to 1 9 5
catalogue the migratory behaviors of ASM cells to determine if they behaved in a similar 1 9 6 fashion to cranial NCCs. In particular, we tracked their migration within the AS using in 1 9 7
vivo 4D imaging. Using this approach, we documented migration of foxC1b:GFP, 1 9 8
foxD3:GFP, pitx2:GFP, lmx1b.1:GFP and sox10:RFP-derived cells ( Fig. 2A ). Qualitative 1 9 9 examination of our data indicated that in all the transgenic lines, ASM cells migrated in a 2 0 0 stochastic manner. These cells exhibited seemingly random migration paths, but with a 2 0 1 common goal of spreading throughout the AS. This suggests that similar to NCCs, ASM 2 0 2 cells lack leader/follower cell identities or chain migration behavior ( Fig. 2A , 2 0 3
Supplemental Movie 1-5). Careful examination of our data also revealed that foxC1b, 2 0 4
foxd3 and sox10-derived populations exhibit frequent cell division while populating the 2 0 5
AS. Little to no proliferation was documented in pitx2 or lmx1b.1-derived ASM 2 0 6
subpopulations. Curiously, both pitx2 and lmx1b.1-derived subpopulations also display 2 0 7 very specific distributions within the AS (Fig. 2B ), while foxc1b, foxd3 and sox10 have 2 0 8 more homogenous distribution patterns. 2 0 9
To analyze individual migratory behavior, we performed individual cell tracking.
As expected, foxC1b:GFP, foxD3:GFP, lmx1b.1:GFP and sox10:GFP-derived cells 2 1 1 migrated in a general dorsal to ventral pattern ( Fig. 3B , Supplemental Movie 6-10). 2 1 2
Pitx2:GFP cells migrated in a generally temporal to nasal direction ( Fig. 2B ). Tracked 2 1 3
cells were analyzed for their total distance traveled, overall displacement, and velocity.
FoxC1b-derived ASM had the highest velocities (0.115 +/-0.048μm/min) while the cells 2 1 5
of the Pitx2-derived subpopulation were the slowest (0.049 +/-0.023μm/min) ( Fig. 2C Differences in total migratory distance and velocity based on the eye quadrant of origin 2 2 3
were also considered. We suspected that ASM cells originating in the dorsal regions of 2 2 4
the AS may demonstrate distances and velocities higher than those originating within 2 2 5 the ventral regions. However, only cells of the foxC1b subpopulation originating in the 2 2 6
dorsal temporal region exhibited significant differences in migration parameters from the 2 2 7 overall population. These cells travelled shorter total distances and had slower 2 2 8
velocities when compared to the other three quadrants (Fig. S3 ). 2 2 9
Lastly, we measured the degree of directed migration by examining displacement 2 3 0
within the AS ( Fig. 2E ). Cells within the sox10 subpopulation showed the highest overall 2 3 1 displacement (136.885 +/-63.327pixels), followed by cells in the foxD3 subpopulation 2 3 2 (109.70 +/-75.434pixels). Displacement of foxC1b and lmx1b.1 was found to be 84.632 2 3 3 +/-49.223pixels and 95.559 +/-61.285pixels, respectively. Similar to our previous 2 3 4
observations for velocity and distance, the pitx2 subpopulation exhibited the least 2 3 5 amount of displacement (44.698 +/-33.008pixels). These data suggest, that cells in the 2 3 6
sox10-and foxD3-derived subpopulations, associated with NCC identity (25, 27, 28), 2 3 7 respond or achieve more effectively to directed or targeted migration. Cells associated 2 3 8
with a more traditional POM identity, foxC1b-, lmx1b.1-and pitx2-derived (15, 18), 2 3 9
appear to have more stochastic migration paths. 2 4 0
Taken together, while all of the ASM subpopulations examined migrate in a 2 4 1 largely stochastic, NCC-like manner, their migratory mechanics and targeting behavior 2 4 2 significantly differ. These conclusions further support our hypothesis that the ASM is a 2 4 3 heterogenous population. 2 4 4 2 4 5
Co-expression analysis confirms anterior segment mesenchyme heterogeneity. 2 4 6
Having observed unique distributions and migratory behavior within the ASM, we 2 4 7 next examined if there was co-expression of POM marker genes amongst the 2 4 8
subpopulations.
To study these relationships, we performed two-color-fluorescent whole 2 4 9 mount in situ hybridization (FWISH) at 32 and 48hpf. We focused our attention to the 2 5 0 expression of foxc1a, foxd3, sox10 and pitx2 as they represent our transgenic reporter 2 5 1 lines (Fig. 1) . 3D confocal imaging qualitatively indicated that all these POM markers 2 5 2 supports our hypothesis that ASM is heterogenous during AS development. Having confirmed the subdivision of the AS associated POM into several ASM 2 7 4
subpopulations, our final goal was to complete a transcriptomic comparison of the 2 7 5 groups. To do so, we isolated GFP+ ASM populations from cranium of 48hpf transgenic 2 7 6 embryos via FACS and subsequently sequenced total RNA. We generated 2 7 7 transcriptomes from foxc1b, foxd3, pitx2, and sox10-derived ASM and performed a 4-2 7 8
way expression analysis using RSEM and RStudio (Table 2 ). 2 7 9
When compared to the other three populations, the sox10 expressing 2 8 0 subpopulation had the most unique signature, containing 700 genes which were 2 8 1 differentially expressed (Fig. 4A) . This is likely based on their ability to maintain NCC's 2 8 2 multipotent nature. FoxD3 expressing cells, contained only 40 transcripts unique to this 2 8 3 subpopulation, possibly owing to the fact that foxD3 is also a marker of NCCs and likely 2 8 4
shares expression profiles with cells expressing sox10 (Fig. 4C ). FoxC1b expressing 2 8 5 cells had the most unique expression pattern of the ASM populations with 400 2 8 6 differentially expressed transcripts, suggesting that it is the most unique subpopulation 2 8 7
within the ASM sub-groups examined to date (Fig. 4B ). This may be indicative of the 2 8 8
foxC1b subpopulation having broad regulatory control over the other, smaller 2 8 9
subpopulations. The most seemingly redundant subpopulation is that of the pitx2 2 9 0 expressing cells with only 12 transcripts having a unique expression pattern (Fig. 4D) .
Pitx2 has been heavily implicated in ASD, particularly Axenfeld-Rieger syndrome, 2 9 2 making its relative lack of individuality surprising (10, 11, 14, 17) . This data further 2 9 3 supports our hypothesis that the AS is colonized by several ASM subpopulations. It 2 9 4 stands to reason that these subpopulations may eventually give rise to specific AS 2 9 5 structures. 2 9 6 2 9 7
In conclusion, our data indicate that POM cells targeting to the anterior segment, 2 9 8
for which we suggest the term ASM, are not homogenous. Rather, the ASM comprises 2 9 9
of several subpopulations. We have characterized four ASM subpopulations each with 3 0 0 distinct distributions, population sizes, migratory velocities, displacements and tracking measurements of average migratory velocity (ANOVA p<0.0001), total 3 2 9 migration distance (ANOVA p<0.0001), and migratory displacement within the AS. 3 3 0
(ANOVA p<0.0001). Transcriptomic profiles of each subpopulation compared to the other three. Zebrafish maintenance 3 4 8
Zebrafish lines were bred and maintained in accordance with IACUC regulations 3 4 9
at the University of Kentucky (protocol # 2015-1370) . AB strain was used as wildtype. Whole-mount in situ hybridization (WISH) 3 5 8
Whole-mount in situ hybridization was performed on a minimum of 50 embryos 3 5 9
for each time point (12, 18, 24, 32, 48 and 72hpf) and for each probe used. DIG and 3 6 0
FITC labeled RNA probes were generated using PCR incorporating T7 promoters in the 3 6 1 primers and ultimately transcribed with T7 polymerase (Roche Approximately 30 embryos were imaged for each transgenic line at each of the 3 6 9
given time points (24, 26, 28, 30, 48, 54, and 72hpf) . Embryos were fixed overnight at 3 7 0 4°C using 4% PFA. PFA was washed out with PBST 4 times for 5 minutes each. 3 7 1
Embryos were permeabilized with Proteinase K (10μg/ml) at the following times (24hpf 3 7 2 = 5mins; 26hpf = 6mins; 28hpf = 7 mins; 30hpf = 9 mins; 48hpf = 20 mins; 54hpf = 3 7 3 25mins; 72hpf = 40mins), washed with PBST and then blocked with 5% goat serum 3 7 4 (1g/100ml), 1% BSA in a solution of 1x PBST for at least 2 hours at room temperature. 3 7 5
Primary antibody (Rockland rabbit anti-GFP) was diluted at 1/200 in blocking buffer and 3 7 6 incubated overnight at 4°C on rotation. The following day, the primary antibody solution 3 7 7
was washed out with PBST 5 times for 15 minutes each. Secondary antibody (Alexa 3 7 8
Fluor 488 anti rabbit, 1/1000) and DAPI (1/2500) were diluted in blocking buffer and 3 7 9
incubated for 1 hour on rotation in the dark at room temperature. Embryos were washed 3 8 0
2x for 15 minutes with PBST in the dark. 3 8 1
After staining, embryos were embedded in a 1.2% Low-gelling agarose in a 1-3 8 2
inch glass bottom cell culture dish (Fluordish, World Precision Instruments) and 3 8 3
visualized using a Nikon C2+ confocal microscope with a 20x (0.95NA) oil immersion 3 8 4
objective. The anterior segment of the eye was imaged in 3D in the lateral position as a 3 8 5
100μm z-stack using 3.50μm steps. All images were captured using Nikon Elements 3 8 6
software and adjusted using Adobe Photoshop. Images generated from IHC analysis 3 8 7
were rendered in 3D using Nikon Elements Viewer software. Eyes were divided into 4 3 8 8
quadrants: dorsal nasal, dorsal temporal, ventral nasal, and ventral temporal ( Figure  3  8  9 S2). Nasal and temporal regions were divided by a vertical straight line through the within inset panels (dashed squares) display instances of individual (b) and co-5 0 0 expression (a). Scale bar=50μm. 5 0 1 5 0 2
Supp Table 1 : WISH Primer Sequences. mRNA forward and reverse primer 5 0 3 sequences for all POM and NCC-related genes. 5 0 4 5 0 5
Supp Table 2 : 4-way transcriptomic analysis. Results of fold change between the 5 0 6
four ASM populations analyzed. 5 0 7 5 0 8
Movie 1: FoxC1b:GFP 4D imaging (24-28hpf). 5 0 9 5 1 0
Movie 2: FoxD3:GFP 4D imaging (24-48hpf). 5 1 1 5 1 2
Movie 3: Pitx2:GFP 4D imaging (22-46hpf). 5 1 3 5 1 4
Movie 4: Lmx1b.1:GFP 4D imaging (24-48hpf). 5 1 5 5 1 6
Movie 5: Sox10:RFP 4D imaging (23-47hpf). 5 1 7 5 1 8
Movie 6: FoxC1b:GFP Tracking analysis 5 1 9 5 2 0
Movie 7: FoxD3:GFP Tracking analysis. 5 2 1 5 2 2
Movie 8: Pitx2:GFP Tracking analysis. 5 2 3 5 2 4
Movie 9: Lmx1b.1 Tracking analysis. 5 2 5 5 2 6
Movie 10: Sox10:RFP Tracking analysis. 5 2 7 5 2 8 5 2 9 5 3 0
